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Abstract
Amorphous oxides are important for implants, optics, and gate insulators. Understanding the
effects of oxide doping is crucial to optimize performance. Here we report energy barrier dis-
tributions for amorphous tantala and doped oxides using a new set of computationally efficient,
two-body potentials that reproduce the structural properties of the samples. The distributions
can be directly compared to experiment and used to calculate physical quantities such as internal
friction.
PACS numbers: 34.20.Cf, 61.43.Fs, 62.20.F
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Amorphous silica (SiO2), tantala (Ta2O5), titania (TiO2), and hafnia (HfO2) are impor-
tant oxides with applications as dielectrics in microelectronics, implants in medicine, and
as mirror coatings for gravitational wave detection [1–3], including the Laser Interferom-
eter Gravitional Wave Observatory (LIGO) project [4]. In microelectronics, doping SiO2
with oxides leads to high dielectric constants, equal performance and minimal leakage cur-
rents [5–8]. Tantala and Ta2O5-TiO2 alloys are used in biomedical applications, such as
artificial joints and stents, due to their superb biocompatibility [9–13]. Amorphous oxides
used as mirror coatings for LIGO are the limiting factor for detection due to high mechanical
loss (or internal friction) [14]. Titania-doped Ta2O5 and SiO2 are the leading candidates to
reduce loss, but more information about doping effects is needed [15–17].
Knowledge about how oxide doping affects physical characteristics such as thermal con-
ductivity and internal friction is imperative to improve performance. In amorphous oxides,
the lack of long-range order allows for the local rearrangements of atoms at temperatures
below the glass-transition. Thermally activated transitions between local energy minima as-
sociated with these rearrangements leads to unique acoustic and thermal properties. These
transitions have been characterized using an asymmetric double-well potential model to de-
scribe energy minima with asymmetry ∆ separated by a barrier of height V [18]. It has been
shown that properties such as specific heat [19, 20], thermal conductivity [20], and internal
friction [18] can be calculated once the distribution of energy barriers g(V ) is known for
a given amorphous sample. Therefore, the calculation of g(V ) for amorphous oxides is of
fundamental importance to compare physical properties of oxides and doping levels.
Classical molecular dynamics (MD) is required to study these disordered systems. Pre-
vious computational work has calculated amorphous silica’s barrier distribution using the
Lennard Jones [21] and BKS potentials [22]. However, no molecular dynamics (MD) poten-
tials exist for crystalline or amorphous Ta2O5 nor are there any potentials that combine all
of the abovementioned oxides. For the first time, we present barrier distributions for large
scale, pure and doped amorphous systems using a novel set of interatomic potentials for
Ta2O5, TiO2, and HfO2 that can be used with previous potentials for SiO2 [23] and zirco-
nia (ZrO2) [24]. These distributions can be measured experimentally to compare with the
present results. The potentials have been designed with the goals of 1) transferability with
each other and silica and 2) reproducing their bulk physical and elastic properties in crys-
talline and amorphous form. After detailing the accuracy of the potentials, we report g(V )
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for amorphous silica, tantala, and silica-doped hafnia and show doping-dependent changes.
The barriers are calculated using a bisection and ridge method [25] that are discussed in
detail elsewhere [26].
We employ the widely used BKS silica potential as a basis to develop the new poten-
tials [23]. The BKS silica potential reproduces Si-O and O-O bond lengths as well as elastic
properties of crystalline and amorphous silica. Since the other oxides demonstrate similar O-
O bond lengths (2.5-2.7 A˚) in both crystalline and amorphous phases [27–30], this potential
serves as a robust starting point to develop complementary two-body potentials for other
materials using the same O-O potential parameters and charge number. Although the BKS
potential reproduces the main properties of silica, recent data on oxides such as HfO2 and
TiO2 suggest that the cation-anion bonding has covalent features [31, 32]. In addition, exper-
imental research has shown that sputtered and sol-gel-derived amorphous TiO2 demonstrate
predominantly six-coordinated and four-coordinated Ti atoms, respectively [27], suggesting
different covalency based on amorphization procedure. Because the BKS potential does not
model covalent bonding, we have fit the current potentials using an additional Morse term
that controls the degree of covalency of the Ta-O, Ti-O, and Hf-O bonds. Therefore, our
final potential is a Morse-BKS (M-BKS) combined potential: ΦM−BKSij = qiqj/rij + Aijexp(-
rij/ρij) - Cij/r
6
ij + Dij(1 - exp(-aij(rij - re))
2 (1), where ΦM−BKSij is the total interaction
energy between atoms i and j, qiqj/rij is the Coulomb interaction, Aijexp(-rij/ρij) represents
the Pauli repulsion energy, Cij/r
6
ij represents the attractive van der Waals interaction, and
Dij(1 - exp(-aij(rij - re))
2 represents the covalent bond. The interaction energy is then a
function of interatomic distance rij . Fitting parameters Aij , ρij , Cij, Dij, aij , and re are
chosen to optimize lattice constants and elastic properties. For silica, the charges qi and
qj are 2.4 and -1.2 for Si and O, respectively, representing partial charge transfer between
the atoms. All cation charge numbers for the new potentials have been chosen to maintain
charge neutrality with these values. Two-body potentials are advantageous due to their
computational efficiency, and their simple construction makes it feasible to fit similar poten-
tials for other materials to allow for doping studies. Previous potentials designed for these
oxides are computationally expensive [33, 34], tailored for surface interactions [34], or have
not been fitted to mechanical properties [35–37].
The optimal set of parameters for all interactions in the M-BKS potential are provided
in Table I. Potential parmaters have been fitted to experimental and first-principles values
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of crystalline lattice constants and elastic moduli using the GULP software [38] (results
compared to experimental and DFT results in Supplementary Materials). Because most
applications use their amorphous form, in the rest of the Letter we focus on amorphous
samples created using the Lammps MD package (methods in Supplementary Materials) [39].
The same M-BKS potential parameters have been used for the amorphous samples as
in the crystalline polymorphs with one important addition related to titania. Because the
differences in sputtered and sol-gel TiO2 samples are related to coordination number, we
propose that there is a difference in the strength of the covalent Ti-O bonds. We represent a
stronger covalency in the M-BKS potential by increasing the Dij parameter, deepening the
potential well of the Morse interaction energy. Therefore, we fit a new potential parameter,
Ti-OStrong reported in Table I, to represent a stronger covalent Ti-O bond for the six-
coordinated amorphous titania samples (Dij = 0.5478 vs 0.3478). In the following, we
compare samples of pure titania and titania-doped samples using either Ti-O interaction
separately to examine how structural and elastic properties change.
Many possible doping combinations exist, however here we report structural and elastic
properties of amorphous Ta2O5, TiO2, and HfO2, as well as TiO2-doped Ta2O5, TiO2-doped
SiO2, and SiO2-doped HfO2, which have experimental or first-principles data for comparison
(summarized in Figures 1-3 and Table II). Figure 1(a) shows radial distribution functions of
amorphous TiO2 using either the Ti-OWeak or Ti-OStrong interaction. The weak-covalency
Ti-O potential generates an amorphous structure with a Ti-O peak at 1.83 A˚ and a Ti-O
coordination number of 4.05 and Young’s modulus (Y) of 73 GPa, closely matching previous
experimental data for tetragonally coordinated titania produced using the sol-gel method
(1.80-1.83 A˚, 4-4.5 Ti-O coordination number, Y of 64 GPa) [27, 40, 41]. On the other
hand, the strong-covalency Ti-O potential produces an amorphous structure with a Ti-O
peak at 1.96 A˚, a Ti-O coordination number of 5.6, and Y of 170 GPa, reproducing recent
data from sputtered amorphous titania (1.96 A˚, 5.4 Ti-O coordination number, Y of 160
GPa) [27, 41, 42]. This is the first MD potential to distinguish between the two types
of amorphous titania based on amorphization procedure and also reproduce their elastic
properties.
Little experimental or first-principles data exists about titania-doped silica, important for
gate insulators [40], however structural data regarding 12.5% titania-doped silica has been
reported experimentally [43]. Therefore, we dope amorphous silica with 12.5%, 25%, and
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50% titania (Figure 1(b)-(d)). Across all doping amounts, the silica network is undisturbed,
as the Si-O bond length stays at 1.61 A˚. Both titania potentials produce a similar structure
at low titania content, however with increasing Ti the strong-covalency sample begins to
form a harder, more eight-coordinated structure within the tetragonal silica network with a
longer bond length. On the other hand, the weak-covalency sample is already tetragonally
coordinated and its bond length stays unchanged across all Ti doping levels. Our results
using the Ti-OWeak interaction matches previous experimental results of 12.5% titania doping
of a largely tetragonal network [43].
Silica-hafnia composites are also important materials for gate insulators due to hafnia’s
high dielectric constant. A recent first-principles study has examined the structural proper-
ties of amorphous silica-doped hafnia [28]. Therefore, we compare structural properties of
pure hafnia as well as 25%, 50%, and 75% silica-doped hafnia to the first-principles results
as another test of the transferability of the M-BKS potential. As shown in Figure 2(a-d),
the radial distribution functions for all four samples match very closely to the first-principles
data, another confirmation of the robustness of the present potential. Elastic properties for
each sample are listed in Table II, however no previous data exists for comparison.
Finally, we examine the accuracy of our potential in reproducing amorphous tantala
samples. Experimental studies of amorphous pure and titania-doped tantala have calculated
a reduced density function (RDF) from experimental diffraction data [44–46], from which
atomistic models are constructed using reverse Monte Carlo simulation. From these models,
we have calculated radial distribution functions to compare to our MD data in Figure 3 (RDF
comparisons in Supplementary Materials). For Ta2O5 (Figure 3(a)), the M-BKS potential
reproduces the Ta-O peak at 1.94 A˚ (Figure 3(a)) and a Ta-O coordination number of 5.85
(5.80-6.53 in experiment [45, 47]). The M-BKS potential generates a Ta-Ta peak at 3.74
A˚, slightly longer than the experimental value of 3.67 A˚. The average O-O bond length
in the sample is 2.77 A˚, matching previous DFT results [48], and longer than the 2.6 A˚
O-O bond length seen in silica. This confirms the transferability of this two-body potential
in distinguishing oxygen bond lengths between oxides while using the same O-O potential
parameter. The MD sample has a Young’s modulus of 145 GPa, matching the experimental
value of 140 GPa [49]. This is the first MD potential to provide an accurate amorphous
Ta2O5 structure and will be a valuable tool for future studies.
Results for TiO2-doped Ta2O5 in Figure 3(b-e) show that the weak-covalency TiO2 in-
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teraction leads to a titania peak around 1.85 A˚, smaller than the 1.94 A˚ peak seen exper-
imentally. On the other hand, using the strong-covalency TiO2 interaction reproduces this
1.94 Ti-O A˚ peak well, suggesting that titania is largely six-coordinated in the experimental
data [50]. In both cases, the distribution functions do not significantly change between the
20.4 % and 53.8 % doping, and there is a good match between the M-BKS potential and
experiment for the O-O and Ta-Ta radial distribution functions. For the 53.8 % doping, the
elastic moduli increase and decrease for the weak and strong Ti-O interactions, respectively.
These results indicate that an amorphization method that creates four-coordinated Ti-O
networks, such as sol-gel, could soften Ta2O5 samples.
We next report the barrier distributions g(V ) for SiO2, Ta2O5, and SiO2-doped HfO2
with an asymmery cutoff of |∆| < 52 meV (Figure 4). To characterize the barrier distri-
bution, experiments traditionally report the distribution peak h, representing the dominant
barrier affecting energy dissipation. In addition, some experiments fit internal friction data
assuming an exponential barrier distribution g(V ) = 1
V0
exp(−V
V0
) to calculate a fitting pa-
rameter V0 (see Supplementary Materials) [18, 51, 52]. As seen from the logarithmic scales
in Figure 4, our results indicate that the distributions demonstrate regimes with different
exponential dependence, indicating that a single exponential fititng may not be accurate.
However, the data in Figure 4 can be used to calculate V0 to compare with experiment
as desired. As shown in Figure 4(a), SiO2 shows a peak at h = 33.9 meV similar to the
experimental finding of 44 meV [53] and matching previous computational results [22]. The
barrier distribution for Ta2O5 (Figure 4(b)) demonstrates a peak at h = 35.9 meV, matching
experimental results of 28.6-42.0 meV similar to silica [49, 54, 55].
We next calculate the barrier distribution for Si0.75Hf0.25O2 and Si0.50Hf0.50O2, reported
in Figures 4(c) and 4(d), respectively, for which the distribution and peak are not known.
Compared to amorphous silica, the 75% silica-doped hafnia demonstrates a shift in the bar-
rier distribution peak to 16.6 meV, however for 50% silica-doped hafnia the peak shifts back
to 31.9 meV, similar to pure silica, indicating a nonmonotonic dependence on doping. In
SiO2, the peak activation energy is believed to be due to Si-O bond angle shifts or elonga-
tions as well as SiO4 tetrahedral rotations [53]. Due to a longer Hf-O bond length (2.04 vs
1.61 A˚ in SiO2), small amounts of HfO2 may disrupt the tetrahedral network and lead to
more accessible transitions. This is the first report of barrier distributions for tantala and
doped oxide systems, and these result demonstrate that the present potentials can capture
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essential changes in the distributions with doping. Our future work will characterize the
atomic reorientations associated with the distribution peaks and use the distributions to
calculate physical properties.
In conclusion, we have presented the first computational study of barrier distributions for
amorphous Ta2O5 and doped oxides using a new set of interatomic potentials that accurately
reproduce structural and mechanical characteristics. These distributions can be compared
directly to experiment, and the results open the door for new computational studies to cal-
culate physical properties of doped oxides to compare with and guide experimental findings.
The distributions for SiO2 and Ta2O5 replicate experimental results and distributions for
SiO2-doped HfO2 show a nonmonotonic shift in the distribution peak with doping concen-
tration. This work opens the way for MD studies of physical properties of doped oxide that
were previously impossible due to a lack of transferable interatomic potentials.
FIG. 1. (Color online) Radial distribution functions for amorphous titania and titania-doped silica
comparing results using either the weak- or strong-covalent Ti-O interaction. a) TiO2 b) 12.5%
TiO2. c) 25% TiO2. d) 50% TiO2
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TABLE II. Density, bulk modulus (B), shear modulus (G), and Young’s modulus (Y) of amorphous
samples (experimental or DFT values in parentheses when available)
Density (g/cm3) B (GPa) G (GPa) Y (GPa)
Ta2O5-TiO2
0.0% Ti 8.10 118 56 145
(5.92-8.00a) (140a)
20.4% Ti 7.04b/7.20c 114b/120c 54b/55c 140b/143c
53.8% Ti 5.60b/6.01c 94b/132c 47b/63c 122b/163c
Si1−xTixO2
x=0.125 2.58b/2.68c 42b/56c 27b/29c 67b/74c
x=0.25 2.61b/2.87c 36b/62c 24b/32c 59b/82c
x=0.50 2.68b/3.19c 32b/73c 18b/35c 46b/91c
x=1.00 2.92b/3.75c 54b/140c 29b/66c 73b/170c
(2.9d/3.8e) (64d/150-169f)
Si1−xHfxO2
x=0.25 4.08 64 38 94
x=0.50 5.64 73 45 112
x=1.00 8.67 145 59 155
(8.8-9.6g)
a [56]
b Ti-Oweak interaction
c Ti-Ostrong interaction
d [41]
e [57]
f [42]
g [58]
14
